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TATIONAL ADVISORY COM.UITTEEZ FOR AERONAUTICS.

TECHIICAL MEUORANDUM NO. 554.

EXPARIMENTS WITH A WING MODEL FROM WHICH
THE RBOUNDARY IS REIQOVED BY SUCTION.*

By Oskar Schrenk.

Introduction

Under certain conditions undesirable dead regions are cre-
ated in liquid and gas ilows. Technically they sometimes cause
very prejudicial losses of cnergy and other disadvantages.

These losses can be avoided or reduced by drawing cff small
quantities of fluid frowm the surface into the interior of the
vody and thus preveating the development of turbulent regions

The present report deals with a series of tests made for
the purpose of improving flow conditions about wings by applying
this suction principle (increase of the 1ift coefficient.and
reduction of the drag about very thick wing sections). Though
not conclusive, the report contains interesting results.

The possibility of improving wings by removing the boundary
layer by suction has frequently been considered during recent
vears, In this connection exhaustive tests were carried out at

the aerodynamic laboratory in uottlngen. The fact that such

*NTragflugel nmit Grenzschichtabsaugung," from Luftfahrtforschung,
June 11 1939, Ppe. 49-63.

See also J. Ackeret, "Grenzschichtabsaugung" (Removing Boundary
Layer by Suction), Zeitschrift des Vereines deutscher Ingenieure,
August 28, 1936, ppe 1153-1158 (N.A.C.A. Technical lemorandum
No. 395, 1937). .
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boundary-laysr control is not yet fully satil sfactory, is dus to
the enormous Gifficulties of the tests and especially to the
structural problems involveds A comprenensive report of the
woTk hitherto done seems nevertheless justified by the -greet
interest which this problem arouses and by tae regults recently
obptained.

The physical principle of the suction theory ic simple and
long since known.* On the rear side of nonstreamlined bodies,
the air 7low usually leaves the surface and a turbalent region
without specific motion with respect to the body is formed at
that point. A great toickening of the boundary layver frequently

forme-—

occurs without the formation of a turbulent resion. Toe

b

tion of these turbulent regions which, in nost cases, are tech-
nically prejudicisl, can be avoided Jreguently by draving off
small quantities of fluid from the surface (Figs. la and 1b)e
We shall not now refer to other flow phenomena which can be pr

duced by suctione -

*],, Prandtl, "Ueber Flissi rkeitebewerung bei sehr kleiner Reiobung, "
Verhandlungen ces 111, Inter1atLoaaleL mufhpmatlxe -¥oniresses

in Heidelberg, 1904 (Teuoner, Leipzig, 1905). Reprinted in Vier
Abhandlungen zur Hydro- und Aerodynamik, Dy L. Prendtl and A.
Betz, Gottingen, 1937 (J. Springer, Berlin).

A. Flettrer, "Anwendun? der Zrientnisce der Aerodynanik zum Wind-
antrieb von Schiffen," Zeitschrift fur Flugtechnik und Hotcriuit-
schiffahrt 18, 1835, p. 53, and Jaanriuch derT Schiffsbautechnis-
chen Gesel lSCAdlt 1964 p. 222,

J. Ackeret, “Grenzscblbhtﬂbsau“ung,' Zeitschrift des Vereines
deutscher Ingenieure, Aug. 88, 1926, pe. 1153.

0. Schrenk, "Versuche an einer Kum 1 mit Grenzschichtabsaugung, "
ZeFole 19, 1938, pe 3CE.

J. Ackeret, A. Betz, and O. Schirenk, "Versuche en einen Trag-
flubel m1t uTGHZSCllCht“OUau”un " Vorlaufige :xitteilungen der

AV, A., uoutlgwen Ho. 4, 12230,
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The first techrical suction tects were made by J. Ackeret
and A. DBetz in the GOHttingen laboratory. These men likewise
prompted the present tests which were made by the writer. A,
Wockner at the beginning, and B. Winkler later, participated in

the tests. .

iI. Purpose und Development of the Tests

Boundary layer control by suction, applied to wings, in-
sures an increase in maximum 1ift ond perults using thick wing
sections without excessive wing section or profile drag. The
actuai Gifficulty of this problem, which is simple in itself,
lies in the fact that the complicated apparatus and the power
required for suction must be justified from the technical point
of view. ilany other questions which greatly affect construciion
and flight, such as tie space inside the wing and reliability in
operation, must also be token into consideration.

Hence the 1ift, drug, suction: volume and suction power, the
latter being chiefly the product of the suctlon volume by the
suction pressure, had to be determined by measurement. The
simultaneous, accurate and quick measurement of all these quan-
tities caused certain difficulties. The best results were ob-
tained up to the present time with the arrangement described in
Section VIII, which consists of a mcdel with bullt-in tlower
suspended freely from the balances in the wind tunnel, Other
arrangements, in which the models were Tirmly secured, only per-

mitted measuring the forces indirectly and less accurately and
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quickly, owing to the connections of the suction pipes which led
to the outside.

A picture of the stability of the flow produced by suction
had also to be afforded by the measurements. A repetition of
the tests showed certain discrepancies which did not, in general,
materially affect the polar. A sensitivity to slight differ-
ences in roughness was also manifest in certain cases. Touble
values, analogous to those of certain wing sections in the neigh-
borhood of maximum 1ift, were obtained in some cases; foTr exam-
ple, wing sections 538-540 in Report III of the Zrgebrnisse der
Aerodynamischen Versuchsanstalt zu thtingen (hereafter designated
as G&+ttingen Report I, II, or III), according to whether the
point of measurement was epproached from a stable form of flow

(i.e., from strong suction) or from an instable one.
III. Notation

The ordinary symbols are used in the customary aerodynamic
sense (p = air dencity;

v = velocity

b = spen I
Compare Gottingen Report 1
t = chord and Fuchs-Hopf "Aero-
dynamik."
F = area of airfoil
A = 1ift

Cg = coefficlent of 1ift
W = drag

Cy = coefficient of drag,
etc. )
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Q = volumc of alr removgl per second by suction (suction
volume),
cq = éé = nondiumensional volumetric coefficient,
hy
o = Internal necative pressure in suction chamber with
respect to the undisturbed externsl presesurc,
n
€y = p——- = rondimensicnal pre:zcure coefficient,
b i -]
—_— vV~
2
L = total power required for flight,
cy = ﬁ—Lm— = corresponding efficieacy ratio,
’ L v3rF
q
Q
Ly = vreguisite suction power {See Saction IV).
LQ
Clg = F—— = corregponding nondimensional coefficien
« V3P (See Scotion IV)
(8]

Fp = eXxit cross cection of air flow,
Ve, = ﬁL = CGlecharge velocity.
IV, Evaluetion of the Test Regultbs*

In addition to 1ift, the total power L = Wv + Ly chiefly

affects the cvaluation cf the testse This cxpregsslon is oased

o

on tue assumption of an azveemesnt between the propeller and the

m

blewer efficiencies. The power at the crank shafts is then sim—

A

ply %. A difference betwcen trne two efficiencies causes a
Y
Wv

—

. . . g - v s . .
slight change in the expression o + N The nondimensional
1 2
form of the vower equaticn reads Cp = oy + Ciyge  Its introduc-

*This section supplements a previous

sin
the writor (a.;.“. 17, 19238, pe. 366) an

i1lar sgtatement modp by
c

d orrects it in cne point.
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tion is justified by the fact that, like the drag and 1ift coei-
ficients, the boundary-layer conditions, and hence the requisite
suntion, are only very slightly affected ty t.e Reynolds Iumber.
The function of the cg/cw curve of normal winge is here partly
assumed by the cg/c; curve, which, in contrast with the Yoy
polar," will be called the "oy polar.”

The combination of the oy and ¢y values, as directly com-
puted from experiments with a mcdel is not, however, a reliable
criterior of the excellence of the wodel, which is alec affectcd
by ar arbitrarily chosen quantity, the discharge cross section
Fy (Fig. 2). It appears that, whenever the flow atout the mod-—
el snd the corregnonding volumes reioved by suction are given,

W and Ly also depend on the discharge velocity vy W, btecause
the dischargze produces a certain backward thrust (i.e., a propel-
ler effect of the blower); and Lg, owinZ to the dlcwer erfi-
ciency which increases with Vvy. A calculation cf the minimum ¥
shows that, in an otherwise defined case, L = Wy + Lg 1s a mini-
mum vhen Vy = V. Since, for a given suction volune @, v do-
pends only on Fy (See Section III), the mcst favoralle exit

section io Fp = cQ F. Le test results, vhicn are given latver,

*Then vy 1s lncreased by 4 vp, the propeller thrust is re-
duccd by p @ d vy, and hence 1ts eificiency is diminished by
A(Wv) = — ¢ Q@ vd vy

od

The blower efficiency is gimultzneously increased by
\ J
d Lg =@ 4d (% vba) =P Q vp d v,

The extreme minimum value of L is determined by
- P Quvdvp+ PR vy dvy =0

and lies in the neishborheced of vy = O,
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are converted to tLilg discharge sectlone* In this case the
er efficiency (not including resistance of pipes inside the wing)

13 / Nk

wnere the undisturbed external wressure (p. = 0) i substituted
for Py (Fig. 8) and in 08t ceses can ve accepted without aes-
itaution. Vhen the wing i¢ divided into n  separatc suction com-

partments, L, 1isg tie sum of the individual results,

)
n n .
© . Sns a2 '
. Lg Lodi (pitom v
just as "

*Dreg 1s convertod as rollows: the primed values bveilng those ai-
ctly obtained by cxperiment, the polance weighings give
W=+ 0 QU - P9 v,
waence, vy a oli st conversion, we obtain
7 7 1)

. | B o
Crar 7 S an C .
I (‘1‘! + & CQ' (\ ) F_O 1 ).
K1
o <0 N\
== C'W‘ ; c (\ '-I:—_‘ i - ] ;

A coszine, criginated ny the direction of discharze, is thercoy
neclected. Toie convergion is superiluous for gr1$ mcagurenents
made by the wethod of imoulsion {see Betz, ZeFelle 1U85, pe4d),
since, ir $he nost fuvorable case, wien Vy = Vv, tie ilmpulelion
efferts of the intaken air and of t.e expelled sir (Fig. 3),
which are rct indiceted Dy the Pitot tube, exactly ocifsel each
otiacrese For the saLe i accuracy, tLe Ll‘b shovld alse vo con--
verted 1n & similar nanner dbut, in ost canses, tie correction is
infinitely enall. It wus cons lQCILQ in only one casc (Fize 31)

**The power increment @ sents tihe rorce of the dis-

char €

o ©

<

[
R
o™
)
H
@
'3)
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The following relations are thus obtalned for the evaluation of

the tests

Q
&0

il
Y R

@)
&
H

In order tc procecd from an investigated case to other cases

in which, for the same position on the wing, the cepacity or

(@]

ross—sectional areg of the suction openings is different, the
sane flow sbout the wing and hence the same c©y4 and oy VvValues
can be acsumed as o first approximation, provided all other con-
ditions (including CQ> correspond. Hence, the unejzative suction
pressure @nd the suction power increase with decreasing capacity
of the suction openings. According to certain tests, however,
(See Section V) this assumption holds true only to a liuited
extent. The requisite quantity seems more 1likely to be slizghtly
affected by the nature of openings, perhaps due to the disturb-
ing effects of surface conditions on the develcpment of the
boundary layer, and perhaps also to the fact that a variation in
the capacity of the sucticn openings may affect the pressure Gif-
ference required for the passage of the alr and hence also tae

stability of the externsl flow about the winge.
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V. Preliminary Tests with Small lodels

A Tew orelianinary bests on a small scale dealt with the
t
question ¢f 1ift increusc. Owinz to the suall Reynolds Numbers

of these tests (five to ten times swaller than those ol the ugu-

al wind-tunncl tego

w4

s, no Gnta of practicul value could we 0b-

L

taincd recarding the drag reduction. The wing rodel (Fips. 4

-

cm chord, was secured with 1te end

G

and 5), of 30 cm spen anu

O
Yy

disk to the nmorzle of o ~well experiment:l blower with un open-

ing of 200 v 200 wma (Fiz. ©). For the purpose of a qulck com-

parison with the pure potentlal flow awbout
s

the thecrebically ersily comprehenalble Joukowsky sections

(£/1 = 0u1; &/1 = 0.E¥+ was investizated. The 1ift wac deter-

mined by the dcfleotion of the jet (Fig. 6). This method is net

4.

very accurute, but very convenlent Ior tie present casee**

my

R ..
regults arc chown in Figure 7. The suc-

C‘T‘

The wn.ost importnrm
tion voluzmics are nlotted sgainct the 118t Tor two differen
. 2) located on the uprer wing surizce. Of the two

screens tested, the slotted one is more favoraple as ;ardu tie

N I m. . —_ - JRA o
g the J pIGIllGS, see Gortingen Repord ILL, nares 1o
and 59, und O. Schren Z.Feiie 1937, puges 337 end 27€.

*x T E B ig the engle OL Geflection ~i the jeb, snd h the widih

of the jet perpendicular to the axis of +the wing, %then, according
to the law of impulsion, we hav approxinately

e
— n s
Cq = 4 I sin =
i

This val-ic wust be corrected, since the dcilection 1s 1O impart
ed to tuc "1olp volume of the jete The oir drawn orff from the
surfnce robually discppears inside the wing with about hall the
defle Cth“. Hence, for a more accurazte calculation, we should
h 1 : : s I
. h L1 4 ate o
take § 5 °Q ingtead of T
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requilred volume o7 air. Owing to its smaller capacity, however,
it gives poorer results (not here indicated), especially for
large c, values. The indicated suction volumes are the minimunm
quantitics required for the flow to conform to the surface at
nny snzle orf gttack and they usually represent the most feavoratle
test values. A further increase in csuction would not matericlly
afiect the 1lift. A comparison with the theory of the Ifriction-
lens profile flow (Fige 9) shows a remarkatle shifting of the
neasured 1ift values toward the thcorctical values, according to
the principles of the boundary-layer thoory (Compure tae rela-
tively greater deflection of Joukowsky scctions without removal
of boundary luyer Dy suction, ZeFeile, 12020, De 225).

The ¢y, a curve (Fize. 9) is Cerived from the test results
by the following conversions: 1. The ascacured anzle of attack is
reduced by half the angle oif deflection B, Tecause the flow, on
reaching the wing, has alveady undergonc about half its deflec-
tion; 4. Alon; the wing, the streamlincs are sligutly vent,
which, in the 1ift production, corregponds to « Gecrease 1n T
effective cnole of attacke A close examination shows that a bend
in tre streamlines = (r = radius oy the bend), with a reluction

n

of A % z= 4’ (f = mean camdber) in the cauber of thc wing sce-
T

tion, causes a reduction of A

in the comper ond o decroasc

b

3f . . . . -
of &7.3 X T~ in vhe erfle etive angle of attack (Compare ZJeFeds,
1936, p. 235). Since, according to o vortex screen consideration,

the bend in the streamlines can be expressed by
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2
= 0.25

t
T S

and hcace, 1In the present case, by

Hict

= o, 0.0234,

ct

the reduction in the anzle of attack, necessitated by the bend

Aa® =~ ¢, 0.87°

Strictly cpeaking, in a jet ol finite height h, the wing has

not the same form (with vespect to the flow) for dirferent 1ift
values. The congidered wing scction which, “for zero 1ift, has
a camber I = 0.05 %, cun, for oy =6, Dbe ildentified in oux

arrangemcent with a scction having a camber f = 0.015 t.

s

An eaxlier test made by Je. Ackeret with a very thick wing

(thick.ess retio 3/3) should also be mentioned. The

e

section
guantity required %o produce a given 1ift was in thig case about
40% cwaller than for thinness sections. This phenomenon, which
is in sorie way connected with the uniform pressure distribution

tiick wing sections, was not, in the meantime, further in-

[

™
o
(o]

ct

vestigeted, since 1t was not originully intended to depart mate-

rially from the usual formg,.
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e, Interanally Divided Wing lodel*

The first experiments on a large scale were carried out
with a wing section having a 80 cm chord like the one used for
the preliminary tects (Pig. 5). The upper surface of this sec-
tion consisted of the slotted screen shown in Figure 3a. The
following ieneral results wecre obtained.

l, The suction volume and power can be materially reduced
by dividiny the internal suction chamber into coupartuents. A

correct distrivution of the suctlon over the aiifercnt steps is

easentiol.

A

2. The suntion volume can be Turther reduced by the sulte~

4

oLe

)]

pplication of surface sirips between the steps. Flgures
11b to 11f represent various tested suction arrangements.

3. Agout one-tenth of the wing width at each of the free
ends of the rectangular wing requires no sucticn since the flow
there contorms aatomaticzlly to the surface. Wider rejlons
without suction cause tae fiow to separate along the whole Winge

The possibility of saving suction at the wing ftips 1s due
to the well-known merked decrease in 11ft toward the wing tips,
and is also accounted for by the maximum negative pressure mov—
ing strongly backward at the tipse. This prevents the separation

of the flow, which can take place only in regions oi increasing

pressurc. The width of %he wing-tip rezicen, where no suction

is produced, may be slightly afiected by the magnitude of the
*Short indications regavding these cxperiments are given in
Vorlaufige Mitteilunzen der Aerodynamischen Versuchsanstalt,

4, 19235,

T

NQe
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1ift. The width was mecasured for c, = 2.5 (about).

Figure 13 afrfords un cxplanation of the other observations,

p., Treprescnting the direction of the external pressure cbout
Car

the section, vhich is identicel 1n both suction arrenscments.
If py (or Pi > Pi,» Pi ) denotes the internal pressures in

the comprrtuents, the (hiatched) pressure dilfferences pi — Pa

jen

are then ovailable for the pasenge through the grid, and it 1is

seen thnt winecessarily sreat suction volumes and pressures are
produced under certoin conditions in the renr wing regions

fontrary to Toruer practice, the tip of a wing was placed
in the 2ir “low in the test orrangement shown in Figure 13. The
other end avutted o smooth wall throuzgh which the suction was
effented. This wall acted as the plane of symmetry and, except
Tor saall disturbances due to the boundary layer of the wall,
this wing represented n free wing with an aspect ratio of 4. A
wider wing could not be used, since creater suction voluies
caused a noticeatle precsure drop in the oir pipes inside the
wing and affccted the tests unfavorably.

Anong the individual results, particular atten is

~

fion
snd 4% with the

{J

called to the 1ift measurements between ocg = 2
smallest vossible suction volumes, as given in Section V. Owing
to space conditions, the 1ift could not be measured by the form—
er jet-cdeflection method and wes determined i the present case

by pressure-distribution measurements around the wing section,

*Local ¢y values, nct mean values over the wihole wing spalls
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l\!.Ai Vel

as made with a
reasons

nortont

computed with coryre

Technical wenorendum Ko

this method is not very

accurate

nunerical results contalned in

534

smeclal pressure-testing device,

(f 10%).

14

Tor different

The most im-
i following table were

sponding values from preliminary teots.

TAELE I
— _— 5 . —_
B Ea ! OQ C?/S B CQl Cpl
Preliminary test with 2.7 | 0.05
slotted screen : i
Prelinminary test with Be'7 0.076
perforetecd gcrecn
Large model, suction Se 7 0. 04 Cela 0. GCO 0.8
according to Figella
Large model, suction Be'l 0,083 0,08 0e003 5.8
according to Figl.llb*
L'_LI‘gG m.Od.el, cuction 207 00016 0005 0.0GB 5'8
according to Fige.lle
Large model, suction Se'l 0.020 0. 06 0] —
according to Fig.11d
Large wmodel, suction el 0.011 0.05 0.001 4.8
according to Fig.lle
Preliminary tect with Se d 0.063
glotted screen
Large moael, suction 3¢ 0,018 O.11 0.001 BeD
according to Fiz.lle |

. ; . P ) 1 S
*The suction arrongements in Figures 11b to 11f were efifected by
S

u
pasting

mooth paper over the openings.
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I
! e c o
A ! Qs Pz Qs _Ps

Prpllmlnury teot with ‘
sletted screern

Preliminery teost With
perforated scree

Large mouel, suction 0.0105 Ses 0006 1.0
accoriing to rig.illa

Larse model, ruction | 0.009 4,4 0.012 2.4
accordlLQ to Fig.llb*

Large modcl, suction 0.008 4,3 0. 0086 1.7
according to rfig.llc

Large model, czuction 0.005 3.7 0.015 3.0
acccrding to Fig,llid

Large modcl, suction 0006 368 0.004 1.0
according to Fiw.lle

Preliminnry tept with
slotted accraoen

Large modcl, suction 0.014 7e5 0.003 1.2
according to Fig.lle i

A zroup of cystematic tests (Fig. 14) shows the importance
of o correct distribution of the suctlon over the individucl

steps. 3By weans of these measurements, the most favoravle valuc
b

-

for ¢, = 4.7 ng incdicated in Table I, wae deterimined for the
& )

2
larce model without uncovering. The ¢, cQ,» CQz> end og, Vval-
ues ore Jiven in the diagram. The otkher values of the tavle
likewisze belont to the woest favorable cases of w larsge series ol
measurements. Further teots dealt with the drag reduction of
the nection for 1ift velucs at which, according to Figure 10

L

(normal wing polar), the flow about the wing zection had aot yet

*Jee fcotnote, poge 14.
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separated (c, in the neighborhood of 1)e In principle, the suc-
tion method 1s also applicable when the flow behind the wing
5till acheres to the surface but has a greatly widerned, draj-
procducing turbulent region. Then, however, the success will be
relatively smaller than in the other case, since the flow in it-
self is not so unfavorable.

The tests were made oy the umethod of impulsion (A, Betz,
Z.F e, 1926, pe 43) and gave the following resultsce Below
c, = 1, for the arrangement 11f, the reductions in power anount-
ed to only o few per cent, while the simultaneously produced
1ift increments (npproximately 10%) could not be accurately de-
termined. Conditions were a 1ittle more favorable for Cq = Lels
The loss curves in the wake of the wing, determined with the

arrangement shown in Figure 3, arc plotted in Figure 15, They

It

show the reduction in the impulsion-loss area with increasing
suction volumes and likewise the increase in 11ft in the form
of a zreater displacement of the turbulent region. The evalua-
tion curves corresponding to Figure 15 arc shown in Figure lo.
They show an improvement of the total efficiency coefficient
from 0.032, without suction, to 0.084 with a suction volune

cQ = 0.0038.,

VII. Tects with Two Syrmetrical Strul Sections

A case of very simplc flow conditions, those oI a symaetric-

4

al two—dimensional Flow (zero ongle of attock and side walls)

about symmetrical sections of great thicknecs (Fig. 17), was

D
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adopted for n thorouzh investigation of the profile-drag reduc-
tion nnd of the related problems. It wus chiefly intended to
throw light on the variation of the flow produced by the suction,
by menguring the velocity distribution, the thickness of the
boundory laver and of the turbulent region behind the wing sec-
tion, as well as the pressurc distribution cbeout the wing. The
testing of individunl rnuction slots, incteand of screens, was
another object of the investlgation.

Alter extaustive tests, it was finally found impossible to
undertake zencral flow investigations cbout strutce It appeared
that thie "aymmetrical' flow 1s particularly unstable. The ac-
tusl motion was avcolutely unsyanmetricel and throc-dimensional
and produccd arn irregular 11Tt and drag distribution aloni the
atrut. Zero 1ift cculd be established only occasionally fox
certoin wing cecticns. It wes imponsidle to wmeasure velocities
and. precsures in the neizhvorkood ¢f the tody, since the stream-
lines were completely crhanved even by o small hole or by a sound-
ing device. An extensive incalculability range scems to be com-

mon to these gtrutes and b

(@]

the sphere in nydrodynwizics. The

:‘

sphere, vhich has been frequently uced for fundamental tects in

[©]

flow investigations, likewise posgesses this preat ce nsitivity to
small disturbances.* Such phenomena do not surprise us vien
4

they oceur about Shick ctruts without suction, where they were

pserved by Prandtl many years ago. Tae surn”'sin“ feature is

*Q, Flachsbart, "Neue butbrauobungen uber den Luftwiderstend
an Kugeln," Pr yclkd“ che Zeltschrift, 18237, pe. 463,
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that even the Trewoval of the voundary layer by suction does not
cnange these conditions. This uncertain behavior of the flow
ceases, as soon as the strut is given a few degrecs anijle of
attacke The 1ift and drag distribution is then nuch more uni-
form.

Yumerical results could be obtained only by forming mean
values along the whole =trut., There is not a point where the
flow senarates correctly, and its drag com e affectcd by suc-

tion in a way similar to that of the wing in Section VI. Thick

strute perrit saving up to 20% of the total efficilency expressed

in ¢, without suction (cy = 0.03 without suction). The re-—
gults of ¢ certain rumber of mcasurements with staggered struts

are given in Figure 18, where 1 1s a test value appreximately
proportional to the 1iff and representing the deflection cf the
wing waxe from the cymaetrical pesition an measured with the

Pitot tube. 1 = 10 em ocorresponds approximetely to ¢y = 1

(see Hitte I, 25th edition, p. 385).

VIIiI. lModel with 3uilt-In Blower -- Suspension from bBelance

The reliability of the results and the quick coupleticn of
the tests urgently called for force measurements with the bal--
ance. These, however, encountered great difficulties, because
of the suction apparatus (Z.F.i., 1936, pe 368). These Aiffi-
culties were overcome by :secns of a small helical blower of high

revolution speed (0000 Tepems), &riven by one ol our small threce-

>
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phase induction motors.* For the tcets, os described below, the
blower and the motor, together with the device for guantity meas-
uremcnts, were enclosed in a fuseloge (Fig. 20).

ZlowcL.— Particular attention 1s called to the blower with
its unustally small dimensions (68 mm dismeter) and great revo-
lution specd (n = 30,000 Tepelie, peripheral velocity wu = 100
m/s), wiich was bullt according to sugscetions by Professor Betze

¢ tlover wnaz only olightly inferior to larzer vlowers of a

3
5
—

similar type with the same Reynolds Fumber, nlthough its prac-
tical conctruction as resards shape of blades, tearings wnd alr
slots oetwsen the Totor and the casing, offercd zreater difficul-
ties and Wwas perhaps less satisfactory. At 30,000 Tepeits and
for an efiiciency T = 0.8, the delivery was 75 liters per sco-
ond, and the pressure wags 250 mm  water column. Tne regults of
a special test, to which the DloweTr was subjected, cre repre-
sented in the usual way in Figure 19.** Owing to tie low com-
preusion ratios (below 1.05), the thermodynamlc phenomena were
neglected in the cveluation of the test results. The very sen-
sitive wcod impellers, originally used, have been recently re-
placed by trase impellers whiclh give excellent results ana can
be quickly repaired, in case ol necds

.

i s, 200, 21a and 21bh— The wing of this model was

b3

in order thabt suction might permit in-

. 21 or Je ACkeret Z.F.I)i', 1385,
1Y ’ ’

p- 44-'.

1t . . .
**3eo "Rereln fur Leistungsversuche an Ventilatoren und Kompres-
coren," V.D.I.-Verlag, Berlin.
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creasing the ¢y value and thickening the wing section. Besldes,
the suction volumes and forces of this firgt practical model were
not intended to be large. In order to achleve a thickening of
the section and an increase in 1ift, despite moderate suction,
only the central wing portion (Figs. 2la and 21b) was thickened
and subjected to suction. Since the flow ztoubt the two outer
wing portions without suction separated beyond a certain anstle
of attack, the wngle of attack of these IWo outer portions had
to be smaller than that of the central portion with suctione.
Subsequently, matericl difficulties were encountered in carrying
this arrangement into effect on the rirst experimentol alrplane.
Although, owing %to this somewhat complicated opparatus, the ac-
curacy of the test resvlts was slightly impaired, they neverthe-
less enavle genersgl conclusions, provided certaln neceéssary cal-
culations are mace. It was found subsequently th at the ilrregu-
1arT transition in the 1ift distribution produced e disproportion-
ately high aaditional induced drog, which slightly ilmpaired the
teet Tesultse A more accurate eveluation of this induced dros
is obbained in “he following parazroph by a theoretical mcthod.
The disks petween the central.and the outer wing portions
serve to maintain the desired division in the 1ift, 1.€., in
the pressure distribution. They also carry the points of attach-
ment for suspending the model. The angle of attack of the outer
wing portions could ve veried, owing to their mode of connectlon

with the disks. Tre covers orn the suction side of the central
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wing portion (Fig. 20), were cxchangeoble ond served for changing
the cuction opcnings.h The static pressure was meacured at three
points of each suction chamber, The measuring pipes and those
running from the front Pitot tubes were led to the ocutside at a

suitoble roint of the lower wing surface, where they ended in

The driving motor is cooled by the &air drawn off from the
wing., This was the only way to keep it rTunning for 10 minutes
at full power, in spite of 1ts necesgarily very small size. Owing
to the rapid vibrations (up to BOO per second), model parts in
the ]
direct connection with the motor and/blower wore cutb rapidly

and some of them had to be replaced during the testg.

Principsl dimencions of the mocdel:

Vinz cherd, uniform 200 min
Wing span, over-all 1300 "
Span of central wing portlon 450 "
Thicknens of ceatral wing portion 68 "
Trickness of outer wing portions 30 "
Height of disks 140 "

Induced drag of model.- as previously stated, the angle of

attack and hence the 1ift ¢ of the central wing portion must

a
be larger than those of the outer wing portions. Tue resulting
1ift distrioution is shown in Figures 23a and 28b. As o first
approximation, the ¢4 diTference between the central and the

outer wing portions are considered constant for a certain difier-
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ot

ence A o Doetween the ongles of attack of the two porilons. AT-

=0 5 X .
ter ceveral tests, Ao =5 was acopited. This corresponds to

N o . - R
o Gifference of 10 to 15  in the axes of zerc 11ft cnd oI per-
hops A cgy = 0.8 to 1,0 1in the 1ift.

o

According to the wing theory, such o distribution permits

<

)

the enticipation of an induced drag creater then tae thecreticel
minizum, which is chown to be developed by an ordinery wing with-
out disks, whon the 1ift distributicn is elliptic. Lccording to
srevious experiments, no material departure from tnc theoretical
minivum ves originally acsumeGs. Owing to the unususl drag dlo-
tribution, however, this additional induced drag vos found, dur-
ing tac tests , to exc:ed materially the assumed vuluc. Thus, in
the original results, thece induced drag increments were mere
manifest than tre ravoravle suction effect.

Neverthelees, in order to enable conclusions regerding this
suction effect, the prorile drag of the mocel haed %o te plotted

subgsequently as the diflfervence between the total a1d the induccd

drusse. The velation between the nrofile drag and the suction

strength is thaus generalized, since it ceccomes independent of

o+

he particular rForm of the modcle

In order to deterinine the wmodel profile drag by the gpecl-
fied method, the following courese was follecwed, which led approX-
imately to the goal. Tne ving was considered ng a biplane struc-
ture with two goomeirically similer wings of unequal cpan. Fur-

thermore, an elliptic 1ift distribution was assumed over tne
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(&N

longer of these two wings (with full spen of model), while, over
the shorter one, it corresponded to that of a wing with end disks
of the above-ziven dimensions. The actual 1ift of the model
~ould be cbtained by the superposition of the two 1ift distribu-

tions., Let the subindex 1 denote the values belonging to tie

longer wing and the sublndex 2 denote the velues belonging to

0

i

-

the other wing. Then o, and oy Trefer to the corresponding area

b. t =snd Db, t. The induced drag for this arrancement is defined
1 2 &) £

by the genersl equation

w
To=/aW=/ a4,

w Yveing the downward velocity produced Yy the wing. In the case
under consideration the equation is resolved into the following
members:

w w W W
A e R L R T +[2ad A, =

€

=V, + Won + 3 Ay

_V—

where W,, is the first integral or the drag of wing 1, and
W.. the corresponding integral of wing 3, The third and the
fourth integrals denotc the mutual interferences which are equal,
according to an equation originally indicated by lunk ("Disserta-

. ] . . w
tion," Gettingen, 1919). They can be summed up by 3 A ;i ,
. w, .
since §L is constant.

The correspondingly reduced expression reuds
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b, o b,
Gy = C + Cy - 4 c = —
t J bﬁ
= —-4<0¢c, 2+ KcCcy, 2+ 3 C c S 1.
Th, U &1 a a, J’a o,

k ic the applicable factor of the induccd drag (Sce GOt
tingen Roport III, pe 17) of the wing with the disks in questicn.
In the piescnt case K = 0eB4., The minimum incduced ¢érag for the
sare mean

0f the wing without disks (elliptic 1ift distribution) is calcu-

lated in the ucual way for couparison.

— .7t t b, 2 .
Coy = =2 2 ity 2 48 2 oy Gy f == Ca‘}.
™ Dy ™ b, U 1 b, 1 2 b, ¢ 2

The difference between the two drags 1s:

In the approximation represented by this celculation, the difrcr-
ence, with respect to the minimum induced drag, is scen to ®e

independent of ¢, . Then is congiderzd zs a pure func-

a Caz
tion ¢f A a, whence a drag paTrabola, shifted about Cy — Oy
to the right, is obtained in polar representation for a specific
model.

In she present cace, the polar is subjected to a parnllel
displacement of Aoy = 0,086 for ¢y = 1.0 and Ao = 50,

ond of A cy = 0.017 for Ca, = 0.8. A careful evaluation
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shows that the profile coefficients of glide are materially im-
proved by subtracting this additional induced drag. In order to
emphasize this fact, the parabola with Acy = 0,08 1s plotted
as a dot—und-dach line in the following diagrams, in addition

to the paravola of minimun drag., After the subtraction of thege
two drag portions, the profile drag remains tetwsen the dot-and-
dash parabola and the test curve,

Tests and Tesultse.~ Aside from the above-mentioned diffi-

culties, which were due to material stresces, the progress of the
neagurements was much easier than before and a larger number of
Tesults was obtained. The method adopted for the completion of
the tests consisted in first measuring the forces (drag and 1ift)
simultancously from a group of points by means of the wind-
tunnel balances and then, after fitting the nececssary pipes, de-
termining, in the alr flow, the pressures and quantities by
means of a photographic multiple manoneter. Identical flow con-
ditions, for each two corresponding individual megsurements, were
insured by accurate observation with a sounding wiTc.

Thus, in the course of extensive experimentation, there were
investigated different strengths of suction, different suction-
load distributions over the two chambers and especially suction
openings of different size, position, number and shape. It may
already have been noted that the form of the suction slots (sharp-
edged or rounded-off) was quite negligible. Disregarding the un-

favorable aspect ratic and the great suction force, great 1ift
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values for the central wing porticn alone (Figs. 31 to 33%) were
finally investigated. ‘

In the representation of the Tresults, the cg, Cw, and o
values, cbtained with specific arrangements of the suction open-
ings, are plotted on each palr of diagrams and the corresponding
suctior noefficients are indicated in numecrical tables. The in-
dividual curves are lines connecting points of approximately
equal suction strength. The figures in the numerical tables are
mean values from the measurements for each point (f 5%). As
regards the reduced velues Cg, CQ, etc,, o decrease in the air-
stream velocity roughly corresponded to an increase in the number
of rovolutions of the blower. This fact was taken advantage of
in cages of strong suction when the olower Wgs inadequates.

There nevertheless remainsd the usual slight uncertainty regard-
ing the influence of the Aifferent Reyrnolds Numbers.

Only the most important results of a large series of tests
are given in Figures 24 to 30. The unpublished results are
nearly és satisfactory, however, in all essential respects. The
compilation of the results shows a characteristic behavior of
the o polars. With increasing angle cf attack, the most favor-

c
i ; . . .
able — values follow gradually increasing suction volunese.

Ca
The combination of the most favorable values of & diagram DIO-—
duces an envelcpe polar which scems to be the best critericn

for the excellence of the arrangement., The comparable envelcpe

pclars are shown separately in Figure 30,
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The c4 wolars chiefly afford =z definite idea of the flow
about the model, while the frequent coincidence of curves with
different suction strengths proves that the flow often fails to
be further improved after it has bcen brought to conform to a
surface. Where curves with different suction strengths coincide,
it ghows that the flow undergoes no material changes when the
suction is increased veyond a certain limit.

Cases of ideniical suction arrangements but of different
step loadings (different positions of the throttle valve) are
not indicated in the results, aince even quite large ch(ﬁges in
the distribution of o, and o, oTr of op, and Cp, (up to
100%) do not produce substential disfercnces in the ¢, polaTs,
provided the cigq values approximately agrec. According to the
numerical tabies for Figures 36 and 387, good flow conditlons are
also produced by equel pressule in both chambers. Hence, COL-
trary to formeT observations, this rodel does not require coum-

partments., The results nhitherto obtained do not definitely

settle the question of when to use com artmentc.
P

The improvement of wings is directly affected by the de-
scribed tests. Indirectly, they are of interest in cases when
1liguid or gas flowg can be technically improved Dby preventing
turbulent regions.

According to the results, wings hitherto considered uniit
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for use in airplane construction, owing teo their thickness anc
angle of attack, were so far iwmproved by suction as to becoume
technically usable. Owing to the zany possibilities of applying
suction metheds in airplane construction, no final idea of the
attainable results can yet be afforcded by the tests. Close co-
operztion of the designer and of the aerodynamizc expert 1s per-
haps the best zand shortest way to Treach a solution.

Beyend o5 = 1, sections with a thickness ratlo of approx—
imately 1 : 3 can be materially improved (up to 30%). Thus,
from the aerodynamic viewpoint, very thick sections, which are
scmetimes statically desirable, are only slightly inferior %o
those used at the present time, Profile-drag ccerficients of
oy = 0403 and upward can generally be .uch improved, whereas
moTe favorable original conditions cannot te. For the model
described in Section VIII, with a central wing portion from the
surface of which air is removed by suotion (rig. 21), profile
coefficients of glide of approximately 1/40 to 1/50 ore obtained
after deduction of the rather great induced drags (Section VIII,
2). Moreover, the model in itgelf is not particularly faveranle
as regards profile drag (friction and possible gseparation drag
due to the end disks)e

As Tegards the 1ift, ¢, veolues up to 6 (oQ = 0.,8) were
reached in one case (Section V) and up to ¢, = 4 (cQ = 0.05)
in another case (Section VIII) by the applicaticn of great suction

strengths. Liit values up to C, = 2.0 vere also measured for
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the comoplete izocel in Section VIII (Fiz. 21). They had consld-

oct that the flow about the

-y

eroble profile drag, owing, to the
outer wing mortions was already half-detached (Fizs. 24 %o 39).

Technically snecking, the data of Section VII deserve con-—
siderstion. They prove that all accurate metiods of measuremen
fail when anplied to nonlifting flow apout symuetrical thick sec-
tions. This fact is accounted for by the formerly often—observed
instacility of sucsh flows which could not bte prevented by suction.
The zood arreement betweon the 1ift of %ne calculated potential
flow and that of the actunl flow produced by suction (Fig. 2,
Section V) is in hariony with theorctical congsiderations.

Lastly, 1% should oe noted that tne Reynolds IumbeT of the
ved test is excceded by that of actual airplanes at least
by a iactor of 10. Although experience shows that the ferces
acting on o modcl are approximately propertional to tacse exert-
ed on full-size airplanes, it is doubtful whetner thege condi-
$ions also hold good for suction volumes, since the boundaTly-
layer theory su ests the idea of o graduanl decrease in the suc--
tion volume witli increassing Reynolds lNumber. However, for lack

of practical experience, ne definite statements can be male.
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TABLE II. (Fig. 34) TARLE III (Fig. 35)
°Q °» | Cis _ T - “is
a 0.0005 0.7 0.0008 a 0,0005 0.4 -
b 0.0010 1.5 0.003 b 0,00189 Ce8 0,003
c 0.0020 2.8 0.008 @ 0.0033 1.5 0.008
d 0.0031 3a7 0.014 a 0.0044 Se7 0.016
e 0.0046 5.3 0,030 e 040059 4,6 0.033
f 0.0075 8.9 0.074 f 0,0089 ge5 0.085
T43LE IV (Fig. 26)
©Q, CQQ °Q Cpl ﬂpg Lay { C’bs:e CZS
2 | - _ ~ _ - N -
b = 0.0016 | 0.0016 | 1.5 | 1.3 - 0.004 | 0.004
e 10.0008 | 0.0027 | 0.0033 | 2.2 | 2.1 | 0.C08 | 0,008 | C.OLO
d 10.0007 | 0.0040 | 0.0047 | 8.8 | 3.8 | 0.003 0.015 | 0,013
e 10.0012 | 0.00568 | 0.0063 | 3.5 | 3.6 | 0,005 | 0.086 | 0.051
£ |0.0034 | 0.0071 | 0.0105 5.3 | 5.9 | 0,021 | 0,049 | 0,070
TABLE V (Fig. 37)
CQl CQ’:; CQ cp1 sz. OZ’S; GLSQ CI’S
a - - - 006 O. 5 - fand -
I - 0.0018 | 0.,0011 | 1,3 | 1.3 - 0.003 | 0,003
e | c.0005 | 0.0019 | 0.CO24 | 8.5 | 8.3 | 0,003 | 0.006 | 0.008
al 0.0013 | 0.0022 | 0.,0035 | 3.3 | 3,1 | 0,008 | 0.00Y 0,015
e | 0.0075 | 0.0030 | 0.0056 | 4.7 | 4.1 | 0,014 0,015 | 0.029
£ | 0.0043 | 0.0044 | 0.0086 | 8.8 | 6.6 | 0.033 | 0.034 | 0.067
TABLE VI (Fig
CQ O7_ s
c 0.0031 C.007
a 0.0040 0.010
e 0.0055 0.031
f 0.0088 0.058
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TARLE VII (¥Fig. 20)
c I e C e 1 - c, l oy
,__“_“fhd Q2 _ < _“#__pl Pa lsy lgs lg

o - - 0.0035 | 1.6 | 143 - - \ 0,007

C 1 o.o004| ©.0030 | 0.0043 | 3.0 | 1.6 | 0.001 4 0,01 0.012
S L gla6a0 | 0.0048 | 0.0088 | 2.8 | 8.5 | 0.007 | 0.017 | 0.083
£ | 0.9045| 0.0055 | 0.0100 | 3.9 3.8 | 0,081 | 0.028 | 0.048

B  TADLE VIII (Fig. 30) -
GQ;]_ CQ«; CQ Cpl Cp i 0181 Cz’gg Cls
a - 0.610 0.010 e 206—&— - C.036 0.03%6
& | %05 | 0.ci0 | o.0le | 4.2 | 2.7 | 0.028 | 0.047 0.073
o 0.0—LO 00015 | CQOBG 509 5:6 0.068 00105 00170
ol UeDdE LP‘OBT_L 0.0C50 1718.0 11.9 0.9 \ 0.33C 0.630

Trarslation oy We Lo Koporindé,
Parigs O7lice,

Naticnal AdvisoIry Comuittes
for Aercncutics.
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Figs.l2,1b,3,3,5,0,7

~Blower

Fig.3 Diagromsatic section
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Fig.8a Fig.&L
Fig.8 Suction screens.{a)Slotted ucmeen,ﬂir ranoved 0.751°/sac/
mfat loan water.(b)Perforated screszn,under sane conditions
air recoved is 0.52%/sec.Slotted escrazen wns us.d for modals in
Section V and VI (flow perpendicular to diraction of slots),
perforated screen for wodels in Sections IV and VII.
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Meaﬁurements on normal wing (20 f2r¥ ‘iﬂ“ gonv or .
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to 1nf1n1te aspect ratic. (see Fig.10) ratio. 3¢
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